I. Introduction
Productivity is undoubtedly a difficult concept to define, and consequently to measure (Kitson et al. 2004) . In spite of this, there is a broad consensus, both from the analytical and empirical point of view, that gains in productivity represent, in the long run, the main source of economic growth, wealth generation and welfare differences (Krugman, 1990) ; as Ezcurra et al. (2005) indicate "regional productivity differences prove to be the main determinant behind observed welfare inequality in the European context". Likewise, and although it must be recognised that it would be rather naive (and even wrong) to describe an economy's competitiveness solely in function of its productivity, it is no less true that productivity, along with the employment rate, is one of the most significant indicators of what might be termed "revealed competitiveness" of an economy, F o r P e e r R e v i e w 2 and therefore of its level of development and growth potential (Gardiner et al., 2004) .
This being the case, it is small wonder that in recent years politicians and economists in the European Union (EU) have expressed great concern about the persistent loss of dynamism of EU productivity, especially when compared with that of the United States (McGukin and van Ark, 2003) . The issue of the aggregate productivity of an economy can be examined from a variety of different perspectives. One of the most interesting, illustrative and simple to carry out is however that which considers that aggregate productivity is simply the result of the joint behaviour of two vectors: one representing the sectoral productivities, and the other the sectoral distribution of the economic activity (Bernard and Jones, 1996) . Consequently, it seems clear that growth in aggregate productivity must be explained either by growth in the productivities of the individual sectors, or by a shifting in the above-mentioned sectoral distribution (better known as "structural change"), or, as often occurs, by a combination of both elements. for a broad definition of the industrial sector (including both energy and manufactured products), offers homogeneous information for a sectoral breakdown into ten branches of activity.
The paper is organised into three main sections plus a very brief one of conclusions. In Section II we deal with the aggregate productivity of the EU and its regions, analysing the external shape of the distribution and its internal mobility. Next, we examine the growth pattern of aggregate productivity, showing what part is due to improvements in the productivity of the sectors, and what part is the result of structural change. Section III is initially devoted to a classical betaconvergence analysis both at the aggregate and sectoral levels. Additionally it examines the contribution to the aggregate productivity convergence of the two components previously mentioned: the regional convergence (or divergence) between the productivity levels by sectors and the structural change. In Section IV, we carry out different tests of spatial dependence and, having detected its presence, we subsequently conduct a convergence analysis of regional productivity which takes into account this spatial dependence. As is usual, the paper closes with a summary and some concluding comments. 
II. Productivity in the EU

Productivity in the EU: Main features
Although there are different ways of interpreting productivity, the most conventional is that which refers to the productive efficiency of a particular workforce, that is to say the output (Gross Value Added) per worker employed 2 .
According to this interpretation, Figure 1 shows the density functions representing the regional distribution of the relative aggregate productivity of the EU regions in the initial and final years of our sample period. Two features are particularly interesting: on the one hand, the number of regions with values similar to the mean is greater in 2003 than in 1980 which means convergence; and, on the other, there are some signs that the distribution presents not only a main mode but also two secondary ones in 2003, which implies a given degree of stratification. The mapping of the relative productivities of the EU regions in these two years ( Figure   2 ) confirms these results to a certain extent, at the same time revealing some incipient signs of spatial dependence.
Figure 2 similarly shows that the relative situation of some regions has changed over time, this reflecting important differences in the regions' economic performance over time. Although this is repeatedly mentioned in the rest of the paper, for the moment it is worth pointing out ( Table 1) that with the European aggregate productivity experiencing an average annual growth of 3.1%, this value 2 Another common interpretation refers to total factor productivity (TFP). has ranged from a minimum of -2.5% in Ionia Nisia (Greece), to a maximum of 8.8% in Southern and Eastern (Ireland).
As to the question of the changes in the ranking among the EU regions, the easiest way of analysing the importance of intra-distribution mobility is to calculate the well-known transition matrices. However, using these matrices leads to a clear problem in that the results critically depend on the number and length of the intervals considered for the original distribution. In view of this, some authors (Quah, 1997; Stokey and Lucas, 1989, among others) prefer to analyse the intradistribution dynamics by means of an approach based on the estimation of stochastic kernels. These are the equivalent of a transition matrix where the number of intervals tends to infinity.
Therefore, we proceed to estimate a stochastic kernel for the aggregate relative 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   6 (shown in the figure), the level of mobility is limited, while if they do not, there is some mobility, and the further these lines are from the diagonal, the greater the mobility degree.
As can be seen in Figure 3 , the contour lines show at least two clearly different situations. Firstly, contour lines for regions with low values of initial relative productivity tend to concentrate around the diagonal, which indicates that, for these regions, intra-distributional mobility in total productivity levels has been relatively low. Secondly, looking at regions with higher levels of initial relative productivity we note that the contour lines diverge from the diagonal, meaning that some of these regions have substantially improved their relative position between 1980 and 2003.
Assuming the changes noted above were maintained over time, this would result in what is known as the "ergodic distribution"; this represents the long-term equilibrium distribution, which is obtained by iterating the stochastic kernel. As can be seen ( Figure 4 ) this distribution presents a single mode, very close to the European mean. This suggests that, in the hypothetical long-term equilibrium, it is very unlikely to appear productivity poles or clusters among the European regions. to apply one of the simplest and most illustrative: we aim to determine the role played by both the increase in productivity of the different sectors and by the structural change in the EU aggregate productivity growth. Table 1 summarises industry productivity evolution in the EU over the sample period. Several results are apparent, the most interesting being the existence of a wide dispersion in productivity growth both across sectors and regions. At the EU level, it can be seen that "Transport equipment" and "Chemical products" were the most dynamic sectors, while "Paper and printing products" grew the least. At the regional level, it is also shown that industry variation is very large in all cases, with the "Ferrous and non-ferrous metals" providing the highest value of the coefficient of variation.
Sectoral sources of productivity growth
As far as the structural change in employment is concerned, we estimate this by calculating the degree of correlation between the productive structures corresponding to the initial and final years of the sample (Jackson and Petrakos, 2001 s represents the share of the employment from sector k in region i in the total employment of that region, t is the base year and T a (distinct) year for which the coefficient is calculated. Naturally, the closer this value to 1, the less intense the structural change, while a value equal to or close to -1 would reflect a complete turnaround in the productive structure. The results obtained are displayed in Table 2 , and in general indicate that very little structural change has occurred. However, it should be mentioned some "atypical" performances, with the most noteworthy occurring in the Valle d'Aosta (Italy), a region in which the CSC achieves its minimum, although positive value (0.460). The maximum value in contrast corresponds to the region of Stockholm (0.999).
In order to consider the joint influence of the two aforementioned effects -the growth in the productivity within the various sectors and the structural change-in the evolution of the aggregate productivity, we make use of the approach applied by Bernard and Jones (1996) . This allows us to write the following expression:
where k represents the sectors, P the productivity, w k the weight of the employment of sector k in the total employment, and a bar over a variable indicates its mean value over the sample period. The left-hand side of this expression denotes the rate of growth of the aggregate productivity, while on the right-hand side the first term represents the so-called "productivity growth effect (PGE)" while the second accounts for the structural change or "share effect (SE)". The PGE measures the contribution of within sector productivity growth for the region -with the average sectoral labour shares as weights-, whereas the SE effect captures the contribution of changing industry-mix to aggregate productivity growth.
Applying expression (2) to the EU as a whole for both 1980 and 2003 leads to the results shown in Table 3 . From these results we can conclude that:
1. The main cause of aggregate productivity growth in the EU is productivity growth at the sectoral level. In fact, the within-sector effect dominates the share effect for our sample of regions, accounting for 100.49% of total productivity growth. This means, logically, that the share effect -i.e., the reallocation of employment between the different sectors-has played a completely marginal (as well as negative) role in the aggregate productivity growth experienced in Europe.
2. As it was observed earlier, Table 3 confirms that all sectors have contributed positively to the growth in the aggregate productivity, with "Metal products"
and "Textiles, clothing and footwear" being the sectors that contributed the most and least, respectively.
3. The PGE was positive in all sectors, although it was particularly important in that of "Metal products". In contrast, the SE offered a positive contribution in only half the cases. Finally, we should mention that, although the relative contribution of this effect on the aggregate productivity growth in the EU has been very small in all sectors, there are some examples where the contribution to the total productivity growth in the sector itself has been considerable. This is the case of the "Textiles, clothing and footwear", for example, in which the share effect has reduced its productivity growth by more than 56%. Likewise, in the "Paper and printing products" sector, the contribution of the share effect to the productivity growth (both the aggregate and that of the sector itself) was much higher than the contribution of the sectoral productivity growth effect. In all the other cases the predominance of this latter effect over the share effect was considerable.
III. Convergence in EU productivity
Having presented the main features of EU productivity in the previous section, we devote the next two to analyse whether a convergence process has taken place between the European regions and, this being the case, which factors are behind this process 4 .
Convergence in productivity: an aggregate and sectoral perspective
To begin with, we carry out a classical analysis of beta-convergence regressions, so that for every sector and the aggregate, the growth rate of productivity for each region between 1980 and 2003 ( i ) is regressed on its initial level (P i0 ) 5 and a 4 For a different but complementary approach to the analysis of convergence in productivity, see Tsionas (2000) . 5 As is usual in the analysis of beta convergence, we have introduced the variable object of analysis -in this case, productivity -in relative terms. In fact, we have taken the value of each region with respect to the mean value for EU-15 without considering the value registered by a constant. As can be seen in the first column of (Table 4) , there appears to have been a weak process of absolute 6 convergence in aggregate productivity between the EU regions, since the coefficient associated with the initial productivity is, although low (-0.009), negative and statistically significant.
In this table we have included, apart from the direct results of the estimation, another two typical indicators generally provided by the studies of convergence.
On the one hand, the speed of convergence 7 , whose informative content goes further than the value of the beta coefficient and, on the other, the number of years that would be necessary to cover half the distance separating the European regions from their steady state (half-life) 8 , providing that the current convergence rate is maintained. It can be seen that the speed of convergence is 1% per year, which implies a half-life of 75 years.
As for the sectoral convergence process, the results are also shown in Table 4 . We note first that there appears to have been some convergence in all branches of activity. The sectors in which the convergence process has been most intense are "Chemical products" and "Other manufacturing", which have registered annual convergence rates of 2 and 1.8%, respectively, this meaning that the number of years required to halve the distance from the steady state is 42 years for the first sector and 46 for the second. In contrast, the convergence speed is lowest among "leader" region (as is done in other papers). Here the degree of disaggregation is so high that in our opinion this second option is not advisable. 6 We have also carried out a conditional beta-convergence analysis. 
Sectoral contributions to productivity convergence
In the final part of Section II we decomposed the aggregate productivity growth into two elements: one measuring the growth of the sectoral productivities, and the other representing the structural change. In order to complete our analysis of the convergence process, in this section we try to disentangle the contribution of each one of these two factors to the convergence pattern that has been detected in relation to both the aggregate and sectoral productivities. With this aim, we apply again the method proposed by Bernard and Jones (1996) and used recently by Van Ark et al. (2003) . As we have already indicated, this approach is based on building a measure of the productivity growth for each region in relation to the productivity growth in the EU globally. Starting from Equation (2) it can be found that if this relation is maintained both for each region and for the EU as a whole, the difference between the annualised variation of the aggregate productivity in region i and in the EU, in percentages, can be expressed as follows: Table 5 , from which we can draw the following conclusions 10 :
1. The convergence process is entirely due to the within-sector effect, which represents 110.49% of the total. This means, logically, that the contribution from the share effect has been negative (-10.49%), which testifies that variations in the industrial mix have not been a factor of convergence. Far from it: they have actually generated an (albeit small) increase in regional disparities in Europe.
2. If we break down the analysis by sectors, we observe that all of them, with the sole exception of "Transport equipment" (with a negative contribution of 6.14%), have contributed to reducing the imbalances in aggregate productivity. In order of importance, the most substantial contributions to the convergence process have been those from "Food, beverages and tobacco"
and "Fuel and power products", with contributions of 35% and 30%, respectively, followed at some distance by "Metal products" (just over 10%).
3. Finally, the sectoral contributions of the productivity growth and share effects to convergence show that the most striking results are, on the one side, the negative within-sector effect corresponding to "Transport equipment" 11 and, on the other, the positive (although very weak) share effect in the "Ferrous 9 When the initial productivity of region i exceeds that of the EU, the expression to apply is as follows: 10 We should point out that the results shown are weighted by the share of the GVA in each region with respect to the EU as a whole. 11 Also negative is the effect of "Paper and printing products", but its value is practically zero. and "Other manufacturing" sectors.
IV. Convergence in EU productivity: a spatial approach
Spatial dependence in the regional distribution of productivity
At the beginning of Section II we made a passing reference to the presence of some spatial dependence between certain regions (see again Figure 2 ). If this were to be confirmed, the results from a conventional beta-convergence analysis would be inconsistent. In order to solve this potential problem, in the first part of this section we analyse this phenomenon of spatial dependence in the regional productivity distribution in more detail 12 .
Spatial dependence refers to the coincidence of value similarity with geographical similarity. The presence of global spatial dependence (or autocorrelation) 13 in a given distribution can be tested using, among others, the statistic known as
Moran's I. Applying this test to the aggregate mean relative productivity for the initial and final year of our sample (see the "Total" row of (2003), Maza and Villaverde (2004) and Villaverde (2006) . 13 Spatial autocorrelation can be of two types: substantive, which, through phenomena such as technological diffusion, externalities and factor mobility, links the behaviour of a particular variable in various different spaces; and noise, which comes from a poor specification of the model, and refers to the residuals of the estimated regression. A slightly more precise procedure to visualize the presence of spatial dependence is offered by representing the Moran scattermap, since this allows us to identify the situation of each region and the formation of the different groups. This map divides the regions into four groups: group I comprises relatively highproductivity regions surrounded by high-productivity neighbours (High-High); II contains those regions with a low productivity that have high-productivity neighbours (Low-High); III comprises low-productivity regions surrounded by equally low-productivity regions (Low-Low); and IV comprises high-productivity regions surrounded by low-productivity regions (High-Low). When the majority of observations are among groups I and III, the spatial dependence is positive, while when the majority are in groups II and IV, it is negative. If the regions are about evenly distributed among these four groups there is no spatial association of any type, in which case considering the observations (regions) as independent entities -as we have done up to this point-would be correct.
The results obtained ( Figure 5 ) reveal the existence of two large groups: one made up of regions with relatively high productivity levels and the other of regions with relatively low productivity. Thus, and in spite of the important changes that have occurred between 1980 and 2003, the homogeneity observed allows us to confirm Table 6 ). The sectors with the highest degree of spatial dependence are "Metal products", "Chemical products", "Paper and printing products" (with coefficients in 2003 of 0.17, 0.15 and 0.12, respectively) while those with the lowest spatial autocorrelation are "Other manufacturing", "Textiles, clothing and footwear" and "Transport equipment" (0.06, 0.06 and 0.08 respectively). In terms of evolution we should point out that all sectors have experienced a decline in their spatial dependence, with this reduction being most extreme for "Nonmetallic mineral products", "Transport equipment" and "Other manufacturing". decide which is predominant, comparing the value of the tests in the two cases.
Regional convergence in productivity: a spatial aggregate analysis
As can be seen, for the aggregate productivity (see the "Total" column in Table 7) all the tests are statistically significant, this meaning that the productivity of each region does not depend exclusively on its own factors. In addition, and given that the value of the LM-ERR test (77.48) is greater than that of LM-LAG (45.50), it 14 As well as other possibilities, such as including spatial lags of the explanatory variables. Thus, the spatial error beta-convergence model can be defined in the following generic form: The first column in Table 8 shows the results obtained from Equation (4), estimated by means of maximum likelihood, since doing so by ordinary least squares is inconsistent (Anselin, 1988 15 ; in addition, the coefficient associated with the spatial error is significant. Second, and with regard to the speed of convergence, the most noteworthy finding is that this substantially increases (passing from 1 to 1.3% annually), so that the period required to cover half the gap to the steady state falls from 75 to 60 years.
Regional convergence in productivity: a spatial analysis by sectors
Following the same approach that with aggregate productivity, we have also tested for the presence of spatial autocorrelation in the classical beta-convergence equations by sectors. Table 7 shows that , with the sole exception of "Transport equipment", there appear to be problems of spatial dependence in all sectors.
Specifically, we can see that in the "Ferrous and non-ferrous metals", "Metal products" and "Other manufacturing" sectors higher values are achieved in the tests for the presence of residual spatial dependence than in those testing for substantive spatial dependence, so that again a spatial error model needs to be estimated. The suitability of this type of model is even clearer in the sectors "Fuel and power products", "Chemical products", "Food, beverages and tobacco", "Textiles, clothing and footwear" and "Paper and printing products", for in all of them the LM-LE test is not even significant at the 95% level. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w   20 In contrast, the "Non-metallic mineral products" sector does not follow the same pattern, since here the LM -LAG test achieves a higher value than the LM-ERR. In addition, the robust associate of this latter, the LM-EL test does not differ statistically from zero. Thus, in this case it is clearly necessary to include a spatial lag in the convergence equation, without changing the structure of the error term.
In short, we need to correct the spatial dependence problems in the classical betaconvergence equations for all sectors except "Transport equipment". More specifically, we need to estimate a spatial error model such as the one shown in Equation (4) for all these sectors, apart from the "Non-metallic mineral products", in which the following spatial lag model must be estimated instead:
where, in addition to the variables considered in the classical convergence equation, we include the term " 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The results of estimating spatial beta-convergence equations by sectors are shown in Table 8 . As can be seen, the presence of spatial dependence in the distribution of regional productivity in all sectors, except one, modifies the beta coefficients of the regressions although not to a great extent. However, in some branches of activity there are important differences between the results of classical and spatial analysis: this is especially the case of the "Non-metallic mineral products" and "Chemical products", where the rate of convergence declines (respectively by 35 and 40%) and, in the other extreme, that of the "Other manufacturing" sector, which shows a higher speed of convergence (10%) once the spatial dependence is included in the model.
V. Conclusions
In this paper, we have provided new insights as to the nature of the productivity convergence patterns in Europe between 1980 and 2003, both across regions and sectors. By using a variety of approaches, mainly spatial econometric techniques, key conclusions can be summarised as follows: First, we observe a high degree of dispersion in productivity, both from the spatial and the sectoral perspectives. At the same time, there has been some mobility in the relative position of the European regions, especially important across regions with productivity levels around or above average. Third, a weak process of classical beta-convergence has taken place both at the aggregate and sectoral levels. At the aggregate level, this convergence has been caused, in its totality, by the sectoral productivity growth effect ; on the other side, the contribution of the share effect has been negative. Likewise, the results reveal that "Food, beverages and tobacco" and "Fuel and power products" are the sectors that have most contributed to reducing the disparities in productivity.
Fourth, the analysis has revealed a clear (although declining) relationship between the aggregate productivity of each region and its geographic location, allowing us to conclude that relatively more (less) efficient regions tend to concentrate spatially. Once this spatial dependence is corrected, analysis of the beta convergence reveals that the speed of convergence at the aggregate level increases by 30%. From a sectoral point of view, this same analysis shows again the presence of spatial dependence and, when this dependence is inte grated in the classical beta-convergence equations, important changes in some sectors can be found, mainly in the "Chemical products", "Non-metallic mineral products" and "Other manufacturing". 
